Abstract: A nano-focusing and leveling system (FLS) based on improved phase analysis is proposed to measure the wafer height in lithography. Different from traditional methods, this paper applies a grating-based mark to conduct the measurement according to the principle of the Moiré effect. The phase analysis is also improved based on the fringe frequency feature, which is quantitatively analyzed for the first time. As a result, the wafer height can be measured with nanoscale precision. Compared with the existing FLS, the proposed method can get higher precision. Both the simulations and experiments are carried out to verify the feasibility and accuracy of the proposed method.
Introduction
The focusing and leveling system (FLS) is one of the key parts in optical lithography. The system is used to ensure the wafer in the depth of focus (DOF) of the projection lens by measuring the wafer's height. With the continuous increasing of resolution in lithography, DOF of projection lens is decreasing sharply, which pushed the demands for higher precision of FLS. For example, the DOF of the ArF lithography lens with a resolution of 90 nm is only about 300 nm, which demands that the precision of the FLS should be 30 nm [1] or higher.
In the FLS, there are always over three independent detectors to measure different parts of one exposure filed simultaneously, as shown in Fig. 1 . Average height of the part can be measured by every detector respectively, and tilt of the exposure filed can be obtained from the results of different detectors. The precision of FLS relies on the detectors.
To satisfy the increasing requirement of FLS precision, some methods based on triangulation are proposed. In those approaches, marks such as pinhole, slit, and grating are projected on the wafer first, then can be recorded via wafer reflection [2] - [6] . By detecting the gray center or the intensity peak of the recorded image, the wafer height can be calculated among those methods. Techniques, such as polarization modulation are used to improve the ratio of signal to noise. However, the precision of those methods are still influenced by several factors, such as the reflectivity changes of wafer, instability of light source. As a result, it is difficult to get higher precision from those methods. Furthermore, the structures are complex due to the additional signal processing [6] .
In our study, we measure the wafer height by the grating with micron-scale period instead of the traditional marks. The Moiré effect often used in high precise measurements [7] - [13] is also introduced. In order to get high precision, the frequency feature of recorded fringe is quantitatively analyzed for the first time. The phase analysis of the recorded fringe is also improved based on the fringe feature we analyzed previously. Finally, the wafer height can be measured by the improved method with nanoscale precision. Furthermore, the system can be simplified due to the improved method. The method proposed in this study improves the accuracy of FLS, which can satisfy the increasing requirement of high resolution in lithography. Moreover, the method can be widely applied in many other fields, such as vibration monitoring and high precision positioning.
Principle
The principle of triangulation is shown in Fig. 2 . In the measurement, the mark is first projected on the wafer surface through project lens, then reflected by the wafer, and finally imaged on the CCD through image lens. Due to the project lens and the image lens, tilt of the wafer has little influence on the recorded image. While the wafer height varieties Áz, there is a horizontal shift Áx of the mark image on the CCD. If we suppose that the incidence angle is and that the magnification of the image lens is k , the relationship between Áz and Áx can be expressed as
Seen from (1), in order to improve the precision of the detector, we should increase the incidence angle, magnification of image lens and the accuracy of Áx . While the incidence angle and the magnification of image lens are limited, improving the accuracy of Áx is an effective way to get high precision. In this study, both the special grating and improved phase analysis are introduced to promote the accuracy of Áx . As is known, with the same variety, the smaller the used grating period is, the larger the phase change can be obtained. This way, the period of the grating should be as small as possible. On the other hand, due to the limitation of magnification of image lens and pixel size of CCD, the grating period should be large enough for getting high image quality. Therefore, there is a contradiction in design of the grating period.
In order to solve this problem, Moiré effect is introduced. The structure of our method is shown in Fig. 3 . Measured grating is imaged on the wafer surface by the project lens, and then reflected by the wafer surface, and finally imaged on the reference grating via the record lens. Periods of the two grating are designed respectively with a little difference. Therefore, there are Moiré fringes which period is much larger than the reference grating on the grating surface. After being magnified by zoom lens, the Moiré fringes are recorded by the CCD.
Suppose the frequency of measure grating and reference grating are f 1 and f 2 respectively. For a limited number aperture of the zoom lens, high frequency, such as f 1 , f 2 , f 1 þ f 2 cannot transmit through the lens. Therefore, only the low frequency components in the Moiré fringes can be recorded by the CCD. The recorded Moiré fringes can be approximated as [14] gðx ; y Þ ¼ aðx ; y Þ þ bðx ; y Þ Â cos 2f 0 x À Á'ðx ; y Þ ð Þ :
aðx ; y Þ, bðx ; y Þ, and f 0 are the background, modulation, and frequency of the Moiré fringes, respectively. f 0 ¼ f 1 À f 2 . Á' represents the horizontal shift of the measure grating caused by the change of wafer height, which can be equally written as [14] Á'ðx ; y Þ ¼ 2f 1 Áx ¼ 4f 1 sinÁz:
As shown above, the wafer height variety Áz can be measured from the phase variety Á'ðx ; y Þ.
In the existing FLS which also used grating as a mark [13] , [14] , they measure the phase by FFT with narrow filter simply. However, the fringe pattern captured by CCD is discrete and with finite length. In FFT, it must be extended to an infinite length. If the extended period is not the integer times of the grating period, phase error will occur. In this study, in order to limit the error, the phase analysis is improved based on the frequency feature of the fringe.
Frequency feature of the fringe is quantitatively analyzed at first. To simplify the analysis, the background intensity and the modulation variety are neglected. The recorded fringe of FLS can be expressed as
while kx is the discrete space, and T w is the fringe length. The Fourier transform of the fringe is
In (5), Cðf Þ is the Fourier transform of ð1=2ÞexpðjÁ'Þ, and is the pulse function.
Seen from this expression, there are several frequency islands in the frequency domain; and the repeat period is 1=kx . Because each of the frequency islands includes all the information of the fringe, the expression can be simplified as
If the length of the recoded fringe is integer times of the grating period ðT w ¼ mT 0 Þ, ðf À f 0 Þ T w sincðT w f Þ is equal to
Because the frequency domain is also discrete and the sample space is f w . Equation (7) only has value, while f ¼ f 0 .
In FLS, Á'ðx ; y Þ is a constant for a certain Áz. Therefore, (6) can be expressed as
There are two pulse functions at frequency f 0 and Àf 0 . Á' can be derived from the phase of either.
As mentioned above, the frequency of the recorded fringe is consisted of Cðf Þ (the Fourier transform of ð1=2ÞexpðjÁ'Þ), ðf À f 0 Þ, ðf þ f 0 Þ (the pulse function in frequency f 0 and Àf 0 ) and T w sincðT w f Þ (caused by limited fringe length). To measure the wafer height, Cðf Þ (including Á') should be exactly extracted. However, if we do the frequency filtering around f 0 or Àf 0 , there are not only the Cðf Þ but also T w sincðT w f Þ we can get. The component of T w sincðT w f Þ will influence the extracting precision of Á'. Luckily, if the fringe length is integer times of the fringe period (that is T w ¼ mT 0 ), T w sincðT w f Þ only get a constant value in f 0 and Àf 0 . Seen from (8) , there is only Cðf Þ existed around f 0 and Àf 0 . So the Á' can be exactly extracted from the frequency around f 0 or Àf 0 . The influence of T w sincðT w f Þ is eliminated and the precision of Á' can be improved by choosing the fringe length as integer times of the fringe period.
According to the frequency feature of the FLS fringe, optimization algorithm is introduced to confirm the length of the recorded fringe. The objection function is the frequency width around f 0 . In the optimization algorithm, the fringe length is changed in one period, and the fringe is resampled to confirm the uniformity of discrete space. FFT is used to calculate the frequency of the fringe, then we can measure the frequency width around f 0 . While the frequency width is minimum, the length of the fringe is the optimum one. The Á'ðx ; y Þ can be calculated from the phase of the frequency f 0 directly. Because the fringe length is optimized to limit the error, the precision of the phase Á'ðx ; y Þ is higher than the traditional method. As a result, FLS proposed in this study can measure the wafer height with higher precision.
Simulation
Simulations are carried out to verify the possibility and precision of the method proposed in this study. In the simulation, the pixel size of the CCD is 5 m, the incidence angle is 60°, and the magnification of the project lens, record lens, zoom lens are 1Â, 1Â, and 4Â, respectively. For simplifying, both of the background and contrast distribution are set to 0.5. To generate moiré fringe, the periods of the measurement grating and reference grating are 4 m and 4.4 m, respectively.
While the wafer height changes from 0 to 2 m, the recorded fringes with 5% intensity noise are shown in Fig. 4 .
In order to compare the difference between the proposed method and the traditional method, the wafer height is measured by both of the two methods in the simulation. In the traditional method, the filter size of FFT is 5 Â 5, and the results are shown in blue line in Fig. 5 . The peak values of the errors are 1.5114 nm and 0.7221 nm, respectively. The standard deviations of the errors are 0.4101 nm and 0.1646 nm respectively. As shown above, the improved method which use optimization algorithm for fringe length selection can measure the wafer height more precise than the traditional method.
Experiment
For verifying the feasibility of the proposed method, an experiment is also conducted. In the experiment, the CCD pixel size is about 5 m, the incidence angle is 60°, the magnification of the project lens, record lens, and zoom lens are 1Â, 1Â, and 4Â, respectively. The periods of measurement grating and reference grating are 6 m and 6.6 m respectively. A nano stage with repeatability of 10 nm is used to move the measured wafer. The equipment and the recorded fringes are shown in Figs. 6 and 7, respectively.
In the experiment, we moved the wafer from 0 to 3 m, and recorded the fringes per 100 nm.
For instance, some of these fringes recorded per 500 nm are shown in Fig. 8 .
Both of the improved method and traditional method are used to measure the wafer height with the same fringe. The filter size used in the traditional method and improved method are 5 Â 5 and 1 Â 1, respectively. The results are shown in Fig. 9 . The measured results are compared with the setting values of nano-stage. By supposing that the nano-stage moves without any errors, differences between FLS and the nano-stage value represents the errors of FLS. As shown in Fig. 9 , the standard deviations of errors are 7.042 nm and 16.284 nm, respectively. The peak value of the errors is 28.337 nm and 62.581 nm, respectively. It is clear that the precision of the improved method is higher than the traditional one. Furthermore, the wafer height can be measured with nano-precision higher than ±10 nm by the improved method.
In the experiment, the results of FLS are affected by the CCD noise, background distribution, contrast changes, instability of the structure, temperature shift, vibration and other factors. Moreover, the nano stage which is considered to be perfect also moves with errors actually. For all that, it is obvious that the precision of FLS with the improved phase analysis is higher than the traditional method. It can measure the wafer height in nano precision higher than ±10 nm. In future study, active shock absorber and laser interferometer will be applied to optimize the proposed method. 
Conclusion
In this study, a novel method is proposed to improve the precision of FLS detector. The method use grating as mark and measure the wafer height by fringe phase analysis. To improve the precision, the Moiré effect and modified phase analysis are applied to extract the phase from the fringes. Compared with the traditional method, the new method has a strong anti-noise ability, and its precision is higher than 10 nm. The method proposed in this study not only satisfies the requirement of the developing lithography but can also be widely used in some other areas which need nano-scale precision measurement.
